Hypercarb Columns for Urinary Metabolite Separation by Imes, Emily
 
Introduction: 
Separations of polar compounds can be challenging due to inadequate retention on common 
stationary phases. Model urinary metabolites were examined on Hypercarb porous graphitic 
carbon columns, which were of interest since they are more effective in retaining and separating 
polar compounds than traditional n-octadecyl (C18) columns​1,2​. Selected urinary metabolites 
included uracil, cytosine, creatinine, and phenylalanine, with hydrogen peroxide as a dead time 
reference. Creatinine was of special significance, since its consistent excretion in urine is used as 
a normalizing concentration. Additionally, creatinine has a high polarity, thus resulting in 
essentially no retention on traditional C18 columns. Retention is important for providing 
effective separation and peak capacity, and was characterized on Hypercarb and C18 columns 
using HPLC. Various concentrations of water and methanol were used to compare retention at 
various mobile phase conditions. Diffusion coefficients were then measured using Taylor-Aris 
dispersion in a capillary tube​3​, and this data informed the role of diffusion in separation 
efficiency and peak broadening. The metabolites were finally characterized using stop flow, or 
peak parking, experiments on HPLC columns. Stop flow experiments permit calculating the 
diffusion of compounds on the stationary phase. Ultimately, the contribution of the mobile and 
stationary phases to the effective diffusion coefficient on Hypercarb was determined. These 







In the field of metabolomics, reversed phase n-octadecyl (C18) bonded silica particles are 
traditionally used in LC-MS separations. These reversed phase columns use a hydrophobic 
particle surface and an aqueous mobile phase with organic content​4​. However, especially in the 
field of metabolomics, C18 columns show limitations in effectively separating the large number 
of polar metabolites; therefore, it became more commonplace to analyze urinary metabolites 
utilizing Hydrophilic Interaction Liquid Chromatography (HILIC)​5​.  Like C18 columns, HILIC 
columns cannot separate the wide range of polarities expected in metabolite samples. These 
columns only retain analytes of high polarity, and also require a mobile phase of high organic 
content. Polar analytes can be difficult to fully dissolve in an organic mobile phases, thus 
presenting sample solubility challenges. As an alternative, porous graphitic columns (PGC) have 
proven to successfully retain polar and non-polar metabolites while providing similar 
information to that of HILIC and C18​6​.  
The arrival to the ultimate use of PGC columns arose from the concern that silica, which 
makes up C18 columns, tends to become less stable at increased temperatures and increased pH 
conditions​4​. PGC particles were first created in 1980 by Knox and Gilbert, who polymerized a 
mixture of phenol and hexamine in a spherical porous silica template​7,8​. The particles were 
heated to 80-160°C to polymerize, and the mixture was then pyrolized under nitrogen at 1000°C, 
thus resulting in a purely amorphous carbon structure. The silica template was then dissolved 
with a hot aqueous potash (KOH) solution, and the amorphous carbon was graphitized by being 
heated to greater than 2000°C under Argon. The resulting PGC structure was entirely composed 
of stacks of graphitic sheets, thus remaining stable at high pH and temperature levels.  
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In its use for separations, PGC columns have similar properties to that of traditional 
reversed phase stationary phases with high retention of non-polar compounds. Additionally, due 
to the flat surface, the shape of the analyte affects its retention on the column, with more planar 
molecules interacting more with the surface of the column. Unlike C18 columns, the surface of 
PGC is characterized by a sea of delocalized electrons; therefore, when polar analytes approach 
the surface an induced dipole is produced as the electrons gravitate towards or away the polar 
analyte, thus allowing retention of the analyte. This electrostatic effect was described as the polar 
retention effect on graphite (PREG) by Ross and Knox​9​.  
In liquid chromatography, retention on a column is necessary in order to separate 
metabolites effectively. Retention factors, k’, were measured for all four metabolites as a 
descriptor of retention. This value was represents the ratio between time spent on the stationary 
phase to time spent on the mobile phase. In addition to this, k’ was important to understand the 
potential for solute pre-concentration on a column. When making injections in liquid 
chromatography, it is necessary that the band of analyte does not disperse on the column and 
remains focused throughout the length of the injection. If an analyte exhibits a low k’ value, it 
will disperse on the column during the injection; however, analytes of high k’ will remain 
focused at the head of the column. If the injected band remains narrow, the eluted peaks will 
remain narrow and there will be better resolution. 
Surface diffusion is another important factor to consider in the performance of a column. 
Diffusion on the stationary phase influences the peak width and peak capacity of compounds in 
separations. If a compound exhibits high diffusion on the stationary phase, the band may broaden 
significantly; however, if the compound exhibits low diffusion on the stationary phase, the band 
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can remain focused throughout the separation. Modeling the diffusion contributions proved 
necessary to understand the contributions from both mobile and stationary phases to the effective 
diffusion coefficient on the PGC column. 
 
Methods: 
Four common urinary metabolites—cytosine, uracil, creatinine, and phenylalanine— were 
previously identified with LC-MS and chosen to be studied based on their range of retention and 
polarities. These metabolites were also identified on the web-based Human Metabolome 
Database.  
In measuring the retention on Hypercarb and C18 columns, methanol (MeOH) and 
hydrogen peroxide were used from Fisher Scientific (Waltham, MA). Deionized water was 
retrieved from a Barnstead Nanopure ultrapure water system (Dubuque, IA). Formic acid (FA) 
and L-ascorbic acid were obtained from Sigma-Aldrich (St. Louis, MO). Uracil, creatinine, 
cytosine, and phenylalanine were obtained from Sigma-Aldrich.  
Isocratic separations on the four selected metabolites were performed on an Acquity 
Ultraperformance Liquid Chromatography (UPLC) system with a photodiode array (PDA) 
detector from Waters Corporation (Milford, MA). For all experiments, 5​μL injections with a 
flow rate of 0.5 mL/ min and with a maximum pressure of 3,000 psi were used with a detection 
range of 180-380 nm. The Acquity Binary Solvent Manager was utilized to inject mobile phase 
A (water + 0.1% FA) and mobile phase B (methanol + 0.1% FA). A Hypercarb column (4.6 mm 
x 100 mm, 3 μm particles) from Thermo Fisher Scientific (Waltham, MA) and a C18-modified 
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bridged ethyl hybrid column (BEH, 2.1 mm x 50 mm, 1.7 μm particles) from Waters 
Corporation were used.  
Individual isocratic separations of the four identified urinary metabolites were carried out 
over a range of water/methanol + 0.1% formic acid mobile phase composition. Starting with 
10/90 water/methanol + 0.1% formic acid, percent composition of water was increased in 
increments of 10% until reaching 100/0 water/methanol + 0.1% formic acid. In some cases, 95/5 
water/methanol + 0.1% formic acid was also performed.  
Previous studies showed that the redox state of the Hypercarb columns needed to be 
controlled in order for the column to retain particles in a repeatabl​e manner​10,11​. ​In the past, 
treatment of the Hypercarb column with ascorbic acid as a reducing agent proved to not only 
increase repeatability of retention times, but also decreased k’ values of metabolites. Therefore, 
the Hypercarb column was treated with a mixture of water/methanol + 0.1% FA and 10.0mM 
ascorbic acid overnight before measuring retention values throughout the day.  
In order to measure retention of metabolites on both C18 and PGC columns, the retention 
factor k’ was used:  
                                                 Equation 1k′ = vm
v −vR m  
In the above equation, is the solute retention volume and is the column dead volume,vR vm  
which was marked with hydrogen peroxide.  
Following isocratic separations, mobile-phase diffusion coefficients, , were measuredDm  
with a capillary tube with a dual -ultraviolet (UV) detector setup. Utilizing a piece of fused silica 
capillary, the polyimide coating was removed at two points about 2.5 m apart and threaded 
between two linear Ultraviolet-Visible (UV-Vis) 200 spectrophotometers (Thermo Scientific, 
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Waltham, MA). The capillary inlet was placed in a scintillation vial with the desired metabolite 
(1 mg/mL) in the desired water/methanol mobile phase ratio with 0.1% formic acid, while the 
outlet was placed in a similar scintillation vial containing the matching water/ methanol and 
0.1% FA mobile phase ratio. Nitrogen gas was used to pressurize the system inlet using a 
pressure vessel. The same analytes as used in the UPLC system were analyzed at 25/75, 50/50, 
75/25, and 100/0 water/ methanol + 0.1 % FA. At least triplicate measurements were performed, 
with pressures ranging from 30-50 psi. Sigmoidal data curves were recorded, and Igor Pro 
(Wavemetrics, Inc, Lake Oswego, OR) was used to calculate the derivatives of the sigmoids and 
fit with Gaussians to obtain sigma values for diffusion calculations. The temporal variance 
between detectors was calculated: 




t1 Equation 2 
With  and serving as the temporal variance of each peak at the second and first detector,σ2t2 σ
2
t1  
respectively. The diffusion coefficient was calculated using the equation below​3​: 




Where is the capillary i.d. and  is the time between the peak at each detector. It should bed c tΔ  
noted that was calibrated using ferrocyanide with a known  value and determined to bedc Dm  
45.1 ​μm​.  
Though  was measured at room temperature, it was necessary to convert betweenDm  
experimental runs done at room temperature and the experimental runs done on Hypercarb at 






With representing the Boltzmann constant, representing temperature, representingkB T η  
viscosity, and representing the hydrodynamic radius of the analyte.rH  
Peak parking experiments were performed on Hypercarb columns to measure stationary 
phase surface diffusion of each selected metabolite. These experiments measured the effect of 
diffusional processes in the absence of solvent flow. During this process, since there was no flow 
of mobile phase through the column, the only peak broadening which occured was due to axial 
diffusion in mobile and stationary phases.  
Solvent flow was diverted for a predetermined amount of time, and eluted peaks were 
compared to those that were eluted without intermediate flow diversion. Utilizing a Hypercarb 
column (4.6 mm x 100 mm, 3​μm) from Thermo Fisher Scientific Inc. (Waltham, MA), a 
four-port valve was placed between injector and column to manually divert the flow away from 
the column, which was kept at a stable 30°C. The valve was equipped with a restrictor capillary 
to ensure that backpressure of the diverted flow was the same as that of the column. Runs were 
performed without diverting flow to determine retention time, and in the case of stop flow runs, 
flow was diverted at exactly half of the retention time. Flow was diverted for 10 mins, 20 mins, 
40 mins, and 60 mins. Measurements were done at least twice for each unique metabolite and 
mobile phase composition. ​Igor Pro (Wavemetrics, Inc, Lake Oswego, OR) was used to analyze 
peaks fit with exponentially modified Gaussians and determine peak widths for diffusion 
calculations. ​Ultimately, creatinine was given the most focus due to time constraints and the 
importance and role of creatinine in normalizing concentration in urine samples. Data was 
gathered using ​100/0 water/ methanol + 0.1 % FA.  
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Peak width from runs in which no flow was diverted was compared to peak width from 
runs during which flow was diverted. The peak widths were plotted against the individual stop 
times. The slope of these plots were twice the effective diffusion, as demonstrated in the below 
equation: 
D tσ2ax,L = 2 ef f stop  Equation 5 
The effective diffusion coefficient was modeled by the following equation to show 
individual contributions from stationary phase and mobile phase diffusion: 
Def f  =  1 + k′
γ Dm m +  1 + k′
k γ D′ s s Equation 6 
with and representing the diffusion coefficient, and  and  representing theDm Ds γm γs  
obstruction factor in the mobile and stationary phases. The ultimate use of this equation was to 
obtain a value for such that the contribution of the stationary phase to diffusion could beDγs s  
better understood. 
The obstruction factor in the mobile phase,  , was the remaining factor required forγm  
calculation of . Data from hydrogen peroxide peak parking experiments was used (k’=0),Dγs s  
and spatial variance was plotted against stop times to obtain a slope equivalent to  .D2γm m   
σ 2γ D ]tΔ 2L = [ m m stop Equation 7 
  for hydrogen peroxide was measured using the previously described Taylor-Aris dispersionDm  






Results and Discussion: 
The k’ retention factor demonstrated the variation in retention as a function of mobile phase 
composition of each selected metabolite. Of the four selected urinary metabolites (uracil, 
phenylalanine, creatinine, cytosine), creatinine showed the least retention on Hypercarb, 
followed by cytosine, phenylalanine, and uracil. Additionally of note, as the fraction of water 
increased from 90% to 100%, the k’ value increased exponentially. This demonstrated the 
tendency of the polar metabolites to elute more quickly with the organic MeOH + 0.1% FA 
mobile phase (Figure 1, Table 1).  
Though data collection has begun on all four metabolites, currently a complete data set 
has been obtained for creatinine at 100/0 water/ methanol + 0.1 % FA: the mobile phase at which 
it is most heavily retained. Data from the determination of using Taylor-Aris dispersion​3​ canDm  
be seen in Table 2, including the conversions of values from room temperature at which they 
were measured to 30°C (Equation 4). 
Using hydrogen peroxide, the mobile phase obstruction factor, ,​ was found to beγm  
0.758. The plot from the determination of this value is represented in Figure 2, with axes 
corresponding to spatial variance and stop times, as described in Equation 7.  
Final data from diffusion of creatinine on Hypercarb at 100/0 water/ methanol + 0.1 % 
FA at 30°C is reported in Table 3. Of primary interest was the determination of to betterDγs s  
understand the contributions of the stationary phase to diffusion of analyte. To compare the 
stationary phase contributions to mobile phase contributions, the value of / wasDγs s Dγm m  
calculated and determined to be 0.21. This value was much less than 1, indicating that the 
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diffusion in the mobile phase was faster than in the stationary phase. This value corroborated 
data previously collected by Daniel Lunn in the Jorgenson group, who concluded that  
/ hoovers close to 0.2 in at both ​30°C and at an elevated 55°C and at various mobileDγs s Dγm m  
phase compositions for highly retained analytes​12​.​ Of additional interest was that measurements 
done on C18 columns yielded values of / that varied with solute retention and thatDγs s Dγm m  
generally were greater than 1 at low k’ values, indicating that stationary phase diffusion was 
more significant in C18 phases. Hypercarb columns demonstrated a relatively constant 




Porous Graphitic Carbon columns were used to measure retention factor (k’) of four urinary 
metabolites: uracil, phenylalanine, cytosine, and creatinine. Stop flow experiments provided data 
to calculate the effective diffusion coefficient of creatinine and hydrogen peroxide (used as a 
deadtime marker) at ​100/0 water/ methanol + 0.1% FA. ​A ​Taylor-Aris dispersion​3​ setup was 
used to determine molecular diffusion of ​creatinine and hydrogen peroxide (used as a deadtime 
marker) at ​100/0 water/ methanol + 0.1% FA. Calculations were performed to determine that 
/ = 0.21 for creatinine at ​100/0 water/ methanol + 0.1% FA. This indicated thatDγs s Dγm m  
stationary phase diffusion was a modest contributor to overall axial diffusion on Porous 
Graphitic Carbon, thus corroborating previously collected data. Similar measurements are being 
completed for creatinine at various mobile phase compositions, and diffusion data is being 
collected for uracil, phenylalanine, and cytosine. 
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Figure 1. ​Change in uracil (a), phenylalanine (b), cytosine (c), and creatinine (d) k’ values 
measured on Hypercarb over a range of water/ methanol + 0.1% FA mobile phases. Retention 




Figure 2.​ Plot of spatial variance vs. stop time for hydrogen peroxide, . The slope of.999r2 = 0  
the plot represents .​ This determined the obstruction factor,  =​ 0.758, from peakγ D2 m m γm  















Metabolite k’ ln(k’) 
Uracil 327 5.79 
Phenylalanine 113 4.37 
Cytosine 34.1 3.53 
Creatinine 6.75 1.91 
Table 1.​ Values for k’ and ln(k’) for uracil, phenylalanine, cytosine, and creatinine on Hypercarb 
with a mobile phase of 100/0 water/ methanol + 0.1% FA. 
 
Temperature (°C) Viscosity, η  Dm  
23.1 0.93 1.20 x 10​-5 
30 0.789 1.77 x 10​-5 
Table 2.​ Average values for Temperature, Viscosity, and for creatinine at 100/0 water/Dm  
methanol + 0.1% FA measured at room temperature with their converted values at 30°C using 
the Stokes-Einstein equation (Equation 4). Values were gathered using the capillary with a dual 
-ultraviolet (UV) detector setup. 
 
 












+ 0.1% FA 
6.75 1.77 x 10​-5 4.14 x 10​-6 2.77 x 10​-6 0.21 
 
Table 3.​ Values for k’, D​m, ​D​eff, ​γ​s​D​s​ , and γ​s​D​s​/γ​m​D​m ​and the mobile phase used on the Hypercarb 
column at 30°C. D​m ​calculated from dual-UV measurements and adjusted to 30°C. D​eff  ​calculated 
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